Abstract -In this paper, we demonstrate that a wire medium (WM) slab loaded with graphene-nanopatch metasurfaces (GNMs) enables the enhancement of evanescent waves for the subwavelength imaging at terahertz (THz) frequencies. The excited surface plasmons at the lower and upper GNMs are coupled by an array of metallic wires. The dual nature (capacitive/inductive) of the GNM is utilized in order to design a dual-band lens in which the unique controllable properties of graphene and the structural parameters of WM slab provide more degrees of freedom in controlling two operating frequency bands. The lens can support the subwavelength imaging simultaneously at two tunable distinct frequencies with the resolution better than /6 even if the distance between GNMs is a significant fraction of wavelength (> /5.5).
I. INTRODUCTION
The resolution of the conventional imaging systems is restricted by the so-called natural diffraction limit. In order to overcome this limitation, various kinds of subdiffraction near-field imaging mechanisms have been proposed. Recently, Ref. [1] presented a frequency tunable graphene lens, in which the enhancement of evanescent waves for subwavelength imaging is realized by the well coupled graphene sheets which can support surface plasmons. Another approach which is based on the canalization principle was proposed in [2] . A slab of wire medium with the thickness equal to an integer number of half wavelength is capable of transforming both the evanescent and propagating harmonics into the transmission-line modes along the wires.
Here, we propose a dual-band subwavelength imaging device by employing the capacitive/inductive property of the GNM [3] . We show that a WM slab loaded with GNMs can realize the subwavelength imaging at two separate frequency bands which can be widely tuned by graphene's large tunability with respect to chemical potential. The physical mechanism behind this technique is the resonant excitation of the surface waves supported by the GNMs assisted by the canalization effect of the WM slab. The analysis is based on the nonlocal homogenization model for WM slab with the generalized additional boundary condition at the connection of wires to graphene [4] . A time dependence of the form is assumed and suppressed.
II. NONLOCAL MODEL FOR WM SLAB WITH NANOSTRUCTURED GRAPHENE METASURFACES We consider a WM slab loaded with GNMs illuminated by a transverse magnetic (TM) polarized uniform plane wave obliquely incident at an angle as shown in Fig. 1(a) . In this structure, is the period of the patches and vias, is the gap between the patches, is the radius of the vias, is the dielectric permittivity of the dielectric slab, and is the thickness of the structure. The metallic wires are oriented along the direction and two GNMs are located at and . Fig. 1(b) demonstrates the top view of the structure. The surface impedance of the graphene patch array ( ) is given by [3] :
In (1), is the surface resistance per unit cell related to the conduction losses, is the surface reactance per unit cell, and is the graphene's complex surface conductivity which is modeled with the Kubo formula using closed-form expressions for the interband ( and intraband ( ) contributions ( ) with the analytical expressions obtained in [5] :
In (2), is the reduced Plank's constant, e is the electron charge, is the Boltzmann's constant, is the relaxation time, T is the temperature, and is the chemical potential. Fig. 1(c) shows the surface impedance of a free-standing graphene patch array with the following parameters: nm, nm, 1, ps, and eV. At low frequencies ( THz) the graphene patches behave as a capacitive reactive surface similar to the metallic patches and at high frequencies ( THz) the GNM acts as an inductive reactive surface like a metallic mesh-grid [3] . This dual property is the motivation to present a dual-band imaging device. In this paper, we consider the structural parameters of GNMs as aforementioned and they are chosen as and for the WM slab. In order to study the transmission/reflection property of the structure, the two-sided impedance boundary conditions should be satisfied at the place of GNMs at and . In addition, it requires the use of the generalized additional boundary condition (GABC) for the microscopic current along the wires loaded with GNMs. The GABC can be expressed as [4] :
.
III. RESULTS AND DISCUSSION We are interested in studying the dispersion behavior of the natural waves and the transmission response of the structure in order to determine the proper operating frequency regimes in which the enhancement of evanescent waves leads to the recovering of the source details at the image plane. To obtain dispersion relation, we can utilize perfect electric conductor (PEC) and perfect magnetic conductor (PMC) symmetries to achieve the response of the structure for even and odd excitations of the incident magnetic field. The significant resonances are associated with the even modes at low-THz frequencies (less than THz capacitive regime), conversely, they are affiliated with the odd modes at high-THz frequencies (higher than 23.41 THz inductive regime). The natural mode dispersion is obtained by finding the complex roots of the dispersion equation. Fig.  2(a) shows the results for the dispersion behavior of the normalized propagation constant . At the frequencies around THz and THz stopbands occur for the first and second surface plasmons, in which, the phase velocity of the forward and backward modes becomes intensely near to each other. The transmission magnitude as a function of Re is calculated at the different frequencies of operation and depicted in Fig. 2(b) . At
THz and , has a smooth behavior which exceeds unity and leads to amplification of the near field in the range 1 Re( ) . On the other hand, at the frequencies of THz and THz, has two transmission peaks which are not beneficial, due to the lower transmission between the poles and the narrow range of the wave vector components that are amplified at the poles.
To study the resolution of this lens, an infinite magnetic line source is located at a distance nm from the upper interface of the lens. The magnetic field at the same distance from the lower interface of the structure is calculated. Figs. 3(a) and (b) show the square normalized amplitude of the magnetic field at the image plane as a function of at the operating frequencies of THz and THz. In Figs. 3(a) and (b) the blue solid lines have been obtained analytically and the half-power beamwidths (HPBWs) are equal to and . The dashed lines represent the performance of the proposed lens which is studied by using electromagnetic simulator CST Microwave Studio [6] and the HPBWs are equal to ( THz) and ( THz). The black solid lines represent the magnetic-field profile for propagation in free space and the HPBWs are equal to ( THz) and ( THz). Therefore, the resolution better than for both dual operating bands has been obtained. It is worth noting that the operating frequency depends intensely on the chemical potential of graphene. For instance, if we change the chemical potential from eV to eV, the operating frequencies increase to THz and THz. The distribution of magnetic field in the plane is depicted in Figs. 3(c) and (d) for THz and THz. The resolution of image at the lower interface of the structure is approximately 5 times better than in free space for both operating frequencies. In the presentation, the critical challenges in the practical realization of the lens and a promising approach in order to overcome these obstacles will be given. 
IV. CONCLUSIONS
In summary, the possibility of subwavelengh imaging by a WM slab loaded with GNMs is investigated. It has been shown that the presence of graphene patch arrays provides significant flexibility in designing a tunable dual-band subwavelength imaging device. The physical mechanism behind this lens is based on the enhancement of evanescent waves. The presence of wires improves the strong coupling of the surface plasmons supported by the upper and lower interfaces. This lens not only has the advantages of operating in a wideband region, due to graphene's tunability and low loss sensitivity, but also has the possibility of increasing the thickness.
